Summary Seasonal changes in photosynthetic capacity, leaf nitrogen (N) content and N partitioning were studied from before leaf maturation (spring) until death (autumn) in high-and low-light-exposed leaves of a deciduous shrub, Lindera umbellata var. membranacea (Maxim.) Momiyama growing in a natural forest in northeast Japan. In spring, light-saturated photosynthetic rate (P max ) was low despite high leaf N and Rubisco contents, indicating that the photosynthetic apparatus was not yet functionally developed. Rubisco seemed to be only partially active. In summer and autumn, P max per unit leaf N increased and changes in P max were correlated with changes in leaf N and two photosynthetic components, Rubisco and chlorophyll. Changes in these components paralleled the changes in leaf N. During leaf senescence, about 70% of leaf N was resorbed. Metabolic proteins that accounted for the majority of leaf N in summer were highly degradable and more than sufficient to explain the high N-resorption efficiency. Structural proteins represented only a small part of leaf N and were relatively resistant to degradation and thus contributed little to N resorption. Leaf N partitioning between metabolic and structural proteins determined the amount of retranslocatable N, but did not strictly determine the N content of a dead leaf or N-resorption efficiency.
Introduction
Photosynthetic capacity is strongly correlated with leaf nitrogen (N) content because a large part of leaf N is invested in the photosynthetic apparatus (Field and Mooney 1986, Evans 1989a) . It is therefore expected that seasonal changes in photosynthetic capacity mirror those in leaf N. In deciduous species, photosynthetic capacity and leaf N generally increase in spring and decrease gradually in summer and abruptly in autumn (Jurik 1986 , Staaf and Stjernquist 1986 , Koike 1990 , Königer et al. 2000) . However, in several studies in which photosynthetic capacity and leaf N were determined simultaneously, it was found that their relationship was unstable during the early growing season; i.e., in spring, photosynthetic capacities were low despite a high N content (Reich et al. 1991 , Wilson et al. 2000 , Grassi et al. 2005 , indicating that variation in photosynthetic capacity cannot always be explained solely by variation in leaf N content.
Photosynthetic capacity is affected by N partitioning within a leaf. Leaf N partitioning occurs between different components at different levels; for example, leaf N is partitioned between metabolic and structural components (Charles-Edwards et al. 1987) , metabolic N is partitioned between photosynthetic and non-photosynthetic components (Eichelmann et al. 2005) , and photosynthetic N is partitioned between light-harvesting (chlorophyll-protein complexes that capture light) and light-utilizing (Calvin cycle enzymes and electron carriers that utilize the light energy for carbon fixation) components (Evans and Seemann 1989) . It has been suggested that photosynthetic capacity per unit leaf N (photosynthetic N-use efficiency, PNUE) is relatively low in species that partition a higher proportion of leaf N to structural components, nonphotosynthetic components or light-harvesting components (Hikosaka 2004) .
Leaf N partitioning is also variable within a species. For example, the proportions of leaf N partitioned into particular N pools are affected by irradiance (Evans 1987 , Terashima and Evans 1988 , Hikosaka 1996 , nutrition (Evans and Terashima 1987) and timing of germination (Onoda et al. 2004) . Compared with the variability associated with growth conditions, the variability associated with time has been studied less intensively. In deciduous woody species, leaf N partitioning may change at the beginning of summer when photosynthetic capacity per unit leaf N increases (Reich et al. 1991 , Wilson et al. 2000 , Grassi et al. 2005 . On the basis of the maximum rate of carboxylation, it has been suggested that the relative partitioning of N to ribulose-1,5-bisphosphate car-boxylase/oxygenase (Rubisco) is less in spring than in summer and autumn (Wilson et al. 2000 .
Leaf N partitioning may also affect the extent of N resorption from senescing leaves, which in turn is related to plant N-use efficiency (Vitousek 1982, Berendse and Aerts 1987) and fitness (May and Killingbeck 1992) . Metabolic components are largely degradable, and therefore release free retranslocatable N during leaf senescence (Mae 2004) . However, structural components have been presumed to be non-degradable (Charles-Edwards et al. 1987 , Anten and Werger 1996 , Hikosaka 2003 . If this is true, their amount may determine the lower limit of N content of a dead leaf and consequently, the upper limit of N-resorption efficiency (the proportion of leaf N that is resorbed during leaf senescence; Aerts 1996) . However, it is unclear whether structural components are actually recalcitrant and comprise the majority of N in dead leaves because few studies have distinguished structural from metabolic components in a leaf.
In the present study, we examined seasonal changes in photosynthetic capacity and the extent of N resorption in relation to leaf N partitioning in a deciduous shrub, Lindera umbellata var. membranacea (Maxim.) Momiyama (Lauraceae). Because growth irradiance is known to affect photosynthetic capacity and leaf N partitioning (Björkman 1981) , leaves grown in different irradiances may demonstrate different seasonal patterns. Therefore, we measured leaves growing in contrasting irradiances. We evaluated leaf N partitioning at two levels: (1) between metabolic and structural proteins; and (2) between light-harvesting and light-utilizing components of the photosynthetic apparatus. We focused on proteins because they comprise the majority of the leaf N pool (Evans and Seemann 1989) . The relative size of light-harvesting components was represented by the amount of Chl that forms complexes with proteins, and that of light-utilizing components was represented by the amount of their dominant enzyme, Rubisco (Muller et al. 2005) .
Materials and methods
The study was conducted with L. umbellata plants (1-2 m) growing in a deciduous forest in Hakkoda Mountains, Aomori Prefecture, Japan (40°39′ N, 140°51′ E, 800 m a.s.l.) in 2002. The forest canopy (about 16 m) was almost exclusively dominated by Fagus crenata Blume (Siebold's beech), and its cover was stable after closure in late May until the onset of autumnal senescence in early October. Lindera umbellata plants were commonly found along sunlit forest edges bordered by a transecting road as well as in the shaded forest understory. We chose plants from the forest edge and nearby (< 30 m) understory locations. Hereafter, leaves from the forest edge and leaves from the understory are referred to as high-and lowlight leaves, respectively. The growth irradiance differed between locations: photon flux relative to an open area was 0.53 ± 0.06 (mean ± SD) on plants at the forest edge and 0.07 ± 0.01 on plants in the forest understory under an overcast sky on September 12, 2002 (Yasumura et al. 2005) . Because of the stable canopy closure, we considered that the difference in growth irradiance on high-and low-light leaves remained the same throughout our study.
Lindera umbellata plants produce only a single set of leaves in spring. At the study site, leaves emerged in late May. We measured leaf variables five times from early June (spring) until early October (autumn) at monthly intervals. Leaves were still expanding at the first measurement and either senescing or fully senescent (dead) at the final measurement.
Seasonal changes in leaf size were followed in 10 leaves per plant and two plants per growth irradiance (n = 20) by measuring length and width to the nearest mm on leaves tagged on June 12. Photosynthetic rates were determined in two leaves per plant and five plants per growth irradiance (n = 10) with a portable photosynthesis system (LI-6400, Li-Cor, Lincoln, NE) at a saturating photon flux (2000 µmol m -2 s -1 ) and ambient CO 2 concentration (375 ppm) and temperature. Leaf temperatures (mean ± SD) of high-and low-light leaves were 25.0 ± 2.9 and 21.1 ± 0.6°C on June 7, 24.2 ± 0.1 and 24.0 ± 0.1°C on July 7, 24.2 ± 0.4 and 24.1 ± 0.2°C on August 8, 22.3 ± 0.6 and 20.7 ± 0.9°C on September 10 and 18.0 ± 0.1 and 18.4 ± 0.8°C on October 8, respectively. Stomatal conductance to water vapor (g s ) and intercellular CO 2 concentration (C i ) were recorded simultaneously. After the measurements, the leaves were cut at the petiole and brought to the laboratory in chilled, damp plastic bags. Four to six discs were punched from the leaves, and the remaining parts were stored at -80°C until analyzed for proteins. On October 8, dead leaves were collected in addition to the live, senescing leaves used for the photosynthetic measurements. The light-saturated photosynthetic rate (P max ) of the dead leaves was assumed to be zero.
We determined leaf mass per area (LMA), area-based leaf N concentration (N area ) and chlorophyll (Chl) content in all sampled leaves (n = 10). We calculated LMA as the mass/area ratio of leaf discs after drying at 70°C for at least 72 h. Subsequently, N area was determined in the same discs with an NC analyzer (NC-80, Shimadzu Ltd. Kyoto, Japan). Chlorophyll was extracted from a fresh disc with N,N-dimethylformamide and its concentration was measured spectrophotometrically (UV-160A, Shimadzu, Kyoto, Japan) according to Porra et al. (1989) .
Protein content was determined for half of the sample (n = 5). Metabolic and structural proteins were separated by solubility in the detergent, sodium dodecyl sulfate (SDS). Frozen leaf pieces of unknown area were powdered in liquid N in a mortar with a pestle and homogenized in 100 mM Bicine-NaOH buffer (pH 8.0) containing 20 mM MgCl 2 , 10 mM dithiothreitol, 2% (w/v) SDS and 1% (w/v) insoluble polyvinylpolypyrrolidone (PVPP). The homogenate was centrifuged at 18,000 g for 30 min and the supernatant used for determination of total metabolic protein or Rubisco. An aliquot of the supernatant was used to determine Chl content in 80% acetone (Porra et al. 1989) . The area of frozen leaf pieces used was estimated by comparing the Chl content in this homogenate with that of a leaf disc of known area. Other frozen leaf pieces were powdered in the extraction medium containing soluble polyvinylpyrrolidone instead of PVPP. Again, an aliquot of the homogenate was used for Chl determination. The remainder of the homogenate was centrifuged at 18,000 g for 30 min and the pellet analyzed for structural proteins. Metabolic and structural proteins were determined with ninhydrin after hydrolysis to amino acids with 0.316 mmol Ba(OH) 2 and purified water in an autoclave (120°C, 0.12 MPa) for 30 min (McGrath 1972) . Bovine serum albumin was used as the protein standard. Rubisco was separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli (1970) with slight modifications (Hikosaka et al. 1998 ). Rubisco purified from Spinacia oleracea was included as a standard. The gel was stained with Coomassie Brilliant Blue R-250, and the bands of the Rubisco large subunit were cut out and eluted in formamide. Absorbance was determined at 595 nm with a spectrophotometer.
The amount of N partitioned into protein fractions was estimated based on the assumption that all leaf proteins have an N concentration of 16% (Field and Mooney 1986) . The amount of non-protein N was estimated as the difference between total leaf N content and N in metabolic and structural proteins.
Results
At the first measurement in early June, both high-and lowlight leaves were still expanding and length and width were 84-91% of those at full expansion in early July (Figure 1 ). Once leaves were fully expanded, length and width were relatively stable until the end of the growing season. Shrinkage associated with senescence was absent or slight (0-2%), confirming that leaves were still turgid at abscission.
Values of P max were always higher and changed more drastically in high-than in low-light leaves (Figure 2a) . In high-light leaves, P max increased markedly from spring until reaching a peak in midsummer, and then decreased sharply toward the end of the season. In low-light leaves, P max increased to a lesser extent in spring, stabilized during summer and then declined gradually during autumnal senescence. In high-and low-light leaves, C i was maintained at a constant value through changes in g s (Figures 2b and 2c ).
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Throughout the experimental period, LMA, N area , Chl a/b ratio and protein content were higher, but Chl content was lower in high-light leaves than in low-light leaves (Figure 3) . However, the differences in LMA, N area , metabolic protein and Rubisco between leaf types were less apparent in spring than later in the year. Leaf mass per area increased in spring, stabilized in summer and declined moderately in autumn (Figure 3a) . The autumnal loss in LMA was also moderate (28 and 37% in high-and low-light leaves, respectively). Structural protein content changed similarly to LMA, except that it gradually increased in summer in high-light leaves (Figure 3d ).
The autumnal loss in structural protein content was moderate (23 and 32% in high-and low-light leaves, respectively). Values of N area , metabolic protein and Rubisco content were considerably higher at the first measurement than later in the year (Figures 3b, 3c and 3g ). These variables decreased by the second measurement in low-light leaves, but not in high-light leaves. They were relatively stable in summer, and then decreased toward the end of the season. The autumnal loss in N area (N-resorption efficiency) was 69 and 74%, and that in metabolic proteins was 96 and 97% in high-and low-light leaves, respectively. Rubisco decreased more sharply than 1318 YASUMURA, HIKOSAKA AND HIROSE TREE PHYSIOLOGY VOLUME 26, 2006 N area or the metabolic proteins. Rubisco seemed to have been degraded entirely; no band appeared on SDS-PAGE for extracts from dead leaves. Chlorophyll content increased during the early half of the season, reached a peak in early August and then decreased gradually (Figure 3e ), being degraded almost entirely (99-100%). The Chl a/b ratio tended to decrease in the growing season (Figure 3f ), suggesting that there was a preferential loss of Chl a. In summer, most of the leaf N was invested in metabolic proteins (Figure 4) . Metabolic proteins accounted for 75 and 88% of total leaf N in high-and low-light leaves, respectively. Among metabolic proteins, Rubisco accounted for 13-15% of total leaf N. A small proportion (6%) of the leaf N was in structural proteins, and the remainder (< 20%) was in non-protein nitrogenous compounds. When leaves were dead, metabolic proteins in high-and low-light leaves accounted for 8 and 12% and structural proteins accounted for 17 and 15% of total leaf N, respectively. Three quarters of the leaf N was present in non-protein nitrogenous compounds.
Metabolic protein, Chl and Rubisco contents were all correlated with N area during the study (P < 0.0001 in all cases; Figures 5a, 5c and 5d). Structural protein content, on the other hand, was not correlated with N area (P = 0.43 and 0.98 for highand low-light leaves, respectively; Figure 5b ). Because Chl content was small relative to N area in low-light leaves in spring, the R 2 value of the Chl-N area relationships increased when the spring data were excluded (R 2 = 0.46 when spring data were TREE PHYSIOLOGY ONLINE at http://heronpublishing.com included versus 0.92 when spring data were excluded). Lowlight leaves apparently had more Chl, but less structural proteins for a given N area than high-light leaves. During the experimental period, P max was correlated with N area , Chl and Rubisco content (P < 0.0001 except for the P max -Rubisco relationships in low-light leaves where P = 0.0007; Figure 6 ). In spring, P max was low compared with the relatively high N area and Rubisco contents of the leaves. Exclusion of the spring data therefore improved the R 2 values of the P max -N area relationship (R 2 = 0.77 versus 0.86 for high-light leaves; R 2 = 0.41 versus 0.85 for low-light leaves) and the P max -Rubisco relationship (R 2 = 0.66 versus 0.88 for highlight leaves; R 2 = 0.34 versus 0.74 for low-light leaves). The relationship between P max and Chl had comparably high R 2 values with and without spring data (R 2 = 0.88 versus 0.88 for high-light leaves; R 2 = 0.85 versus 0.87 for low-light leaves) because P max was not low in terms of Chl content in spring. High-light leaves had a higher P max for a given Chl content than low-light leaves, but both leaf types had similar P max for a given N area or Rubisco content.
Metabolic protein content was only weakly correlated with LMA in low-light leaves (P = 0.02, R 2 = 0.19) and was not correlated with LMA in high-light leaves (P = 0.81; Figure 7a ). Structural protein content was correlated with LMA in highlight leaves (P < 0.0001, R 2 = 0.46), but not in low-light leaves (P = 0.14; Figure 7b ). When data from high-and low-light leaves were pooled, structural protein content was correlated with LMA (P < 0.0001, R 2 = 0.71).
Discussion

Seasonal changes in leaf variables
The seasonal patterns of P max , LMA, N area and Chl content ( Figures 2a, 3a , 3b and 3e) were similar to those reported for other deciduous species (Staaf and Stjernquist 1986 , Koike 1990 , Reich et al. 1991 , Königer et al. 2000 , Wilson et al. 2000 , Grassi et al. 2005 . In L. umbellata, P max was more variable in high-than in low-light leaves, but this does not represent a fundamental feature of high-and low-light leaves of deciduous species. High-light leaves of some species in the studies cited exhibited less seasonal variability as did low-light leaves of L. umbellata, whereas low-light leaves of other species had variable patterns as did high-light leaves of L. umbellata. The differences in P max , LMA and N area between high-and low-light leaves were less apparent in spring than in summer or autumn. It may be that all leaves initially have similar traits at emergence and gradually adapt to growth irradiance during the period of leaf expansion (Bunce et al. 1977 , Jurik et al. 1979 . Previous studies in deciduous species have shown that the contents of total metabolic protein (Königer et al. 2000 ; referred to as "protein" therein), soluble protein and Rubisco (Eichelmann et al. 2004 ) are low at leaf emergence, increase rapidly during leaf expansion, stabilize after full expansion and then start to decline. Our study did not include the very initial stage of leaf development, but leaves showed the highest metabolic protein and Rubisco contents when leaf length and width were 84-91% of fully expanded leaves. After full expansion, the contents of metabolic protein and Rubisco showed changing patterns that were similar to previous reports. Structural proteins behaved differently; they increased gradually in spring and summer and declined only moderately in autumn (Figure 3d ), indicating that they were regulated in a different fashion from the metabolic proteins. When high-and low-light leaves were pooled, structural protein content was correlated with LMA (Figure 7b ), perhaps implying that structural proteins are associated with cell walls. Leaf mass per area has been related to cell wall thickness (Niinemets 1997) and to the amount of cell wall materials (Onoda et al. 2004) . Cell wall proteins are thought to play a role in leaf development, mechanical toughness and defense against pathogens (Showalter 1993) . A similar correlation between structural protein content and LMA was also found across deciduous and evergreen Quercus species (Takashima et al. 2004) .
Photosynthetic capacity and leaf N partitioning
As a result of relatively low P max and high N area , PNUE (P max per unit leaf N) was considerably lower in spring than in summer or autumn in L. umbellata (Figure 6a) , as was found in other deciduous species (Reich et al. 1991 , Wilson et al. 2000 , Grassi et al. 2005 . Nitrogen partitioning to Rubisco, which was relatively high in spring (Figure 5d) , was not responsible for low PNUE in L. umbellata. Previous reports suggesting that N partitioning to Rubisco was low in spring were based on the assumption that all leaf Rubisco was activated (Wilson et al. 2000 ). However, Rubisco was only partially active in spring in Betula pendula Roth (Eichelmann et al. 2004) , and our results with L. umbellata also suggest low activation of Rubisco in spring, which probably accounts for the low PNUE.
Although, P max per unit Rubisco was low in spring, P max per unit Chl was not (Figures 6b and 6c) , implying that N partitioning between the light-harvesting (represented by Chl) and light-utilizing components (represented by Rubisco) of the photosynthetic apparatus was not balanced to maximize photosynthesis per unit leaf N in spring. This finding in L. umbellata contrasts with results for the evergreen Castanopsis sieboldii (Makino) Hatus. ex T. Yamaz. et Mashiba showing that low P max values were accompanied by low N, Rubisco and Chl contents during leaf expansion (Miyazawa et al. 1998, Miyazawa and Terashima 2001) .
The seasonal changes in P max were correlated with seasonal changes in N area during summer and autumn (Figure 6a ), in accordance with previous reports (Reich et al. 1991 , Wilson et al. 2000 , Grassi et al. 2005 . Furthermore, P max was also correlated with Chl and Rubisco (Figures 6b and  6c) , which changed in parallel with N area (Figures 5c and 5d) . Therefore, leaf N partitioning was stable within the photosynthetic apparatus. It was probably regulated to maintain an efficient balance between photosynthetic components (Evans 1983) . Similarly, Hikosaka (1996) reported that the relative abundance of photosynthetic components is independent of leaf age at a constant growth irradiance.
There was no apparent difference in the P max -N area relationships between high-and low-light leaves (Figure 6a ), even though P max per unit Chl was considerably higher in high-light leaves than in low-light leaves (Figure 6b ). Low-light leaves seemed to have adapted to low irradiance by allocating a higher proportion of N to the light-harvesting components in the photosynthetic apparatus (Hikosaka and Terashima 1995) . The P max -Rubisco relationships, on the other hand, were similar in high-and low-light leaves (Figure 6c ). Similar relationships between P max and N area , Chl and Rubisco content in leaves growing in different growth irradiances have been reported previously (Evans 1989b, Hikosaka and Terashima 1996) .
N resorption and leaf N partitioning
Nitrogen resorption from senescing leaves plays an important role in plant N conservation; it enables plants to minimize N loss associated with leaf fall and to use the same N for a longer period of time (Chapin 1980, Aerts and Chapin 2000) . According to a literature survey by Aerts (1996) , deciduous woody species have an N-resorption efficiency of 54 ± 16% (mean ± SD). Lindera umbellata had high N-resorption efficiencies (about 70%) that were relatively insensitive to growth irradiance, as was observed previously (Yasumura et al. 2005) .
We divided leaf proteins into metabolic and structural pools and evaluated the extent to which each protein pool contributed to N resorption. In live leaves, the majority (75-88%) of leaf N was invested in metabolic proteins (Figure 4) . The correlation between metabolic protein and N area (Figure 5a ) suggests that N resorption proceeded in harmony with degradation of metabolic proteins. Given their large content and high degradability (96-97%) in autumn, metabolic proteins alone were more than sufficient to explain N-resorption efficiency. Rubisco seemed to have been degraded more rapidly than other metabolic proteins, as reported previously (Wittenbach 1979 , Camm 1993 .
Structural proteins explained only a small proportion (6%) of N area in summer. This value was similar to the proportion of leaf N in cell walls (2-10%) reported by Onoda et al. (2004) . Structural protein content was not correlated with N area (Figure 5b) , suggesting that degradation of these proteins was not a prerequisite for N resorption. Structural proteins contributed little to N resorption, not only because their amount was small but also because they had low degradability (23-32%) during leaf senescence (Figure 3d) . Structural proteins, which are presumably associated with cell walls, may be inaccessible and recalcitrant to proteolytic enzymes (Lamport 1965) .
Nevetheless, structural proteins did not determine the amount of N in dead leaves as assumed by Hikosaka (2003) . Metabolic and structural proteins together were able to explain only 25% of the total N in dead leaves (Figure 4 ). It is possible that the amount of structural proteins was underestimated because ninhydrin is poor at detecting hydroxyproline or proline (Yemm and Cooking 1955) , which are abundant in cell wall proteins (Cassab 1998) . Even if this is taken into account, total protein would not be able to explain half of the N in dead leaves. Therefore, a large portion of N must have remained in forms other than protein. Nucleic acids and chlorophyll catabolites would explain a part of N in dead leaves (Smart 1994 ). In addition, we suggest that free amino acids derived from protein degradation accumulated during leaf senescence because non-protein N increased after leaf senescence (Figure 4 ). Chapin and Kedrowski (1983) reported that free amino acids increased during leaf senescence and comprised an important N fraction in dead leaves of Betula papyrifera var. humilis (Regel) Fern & Raup. Removal of amino acids may have been limited by the rate of phloem loading and export (Stoddart and Thomas 1982) .
In conclusion, we demonstrated that L. umbellata leaves had abundant N, but were not functionally developed in spring. Their photosynthetic capacity was low despite a large amount of Rubisco, probably because the enzyme was only partially active. Once leaves were fully expanded, their photosynthetic capacity changed in parallel with changes in leaf N, Rubisco and Chl until leaf death. Meanwhile, leaf N partitioning to Rubisco and Chl, which represent the two functional N pools of the photosynthetic apparatus, was relatively stable. During leaf senescence, almost all metabolic proteins were degraded and became an important source of N for resorption. Structural proteins were relatively resistant to degradation and contributed little to N resorption. Nitrogen partitioning between metabolic and structural proteins determined the amount of N that was potentially retranslocatable, but it did not strictly determine the N content of a dead leaf or N-resorption efficiency. It seems likely that the extent of N resorption is controlled by processes other than protein degradation.
